Background: Recent Drosophila studies showed that Discs-large (Dlg) is critical for regulation of cell polarity and tissue architecture. We investigated the possibility that loss of the human homologue of Drosophila Dlg (DLG1) is involved in endometrial carcinogenesis.
Endometrial cancer is the most common gynaecological malignancy in developed countries with an estimated worldwide incidence of 287 000 cases and 74 000 deaths in 2008 (Ferlay et al, 2010) . Endometrial cancer is classified into two groups, type 1 and type 2, based on pathological histology, as well as molecular pathogenesis and clinical profiles (Bokhman, 1983) . Type 1 endometrial cancer is oestrogen dependent, has low-grade endometrioid histology, and arises in a background of endometrial hyperplasia, its precursor lesion (Doll et al, 2008) . Type 1 endometrial cancer usually occurs in pre-and peri-menopausal women and is strongly linked to obesity (Doll et al, 2008) . Type 2 endometrial cancer is oestrogen independent and has high-grade histology, that is, high-grade endometrioid, papillary serous, and clear cells. It usually occurs in nonobese and post-menopausal elderly women (Mendivil et al, 2009) . Although type 2 endometrial cancer accounts for only 10% of the incidence of endometrial cancer, it is responsible for B50% of disease recurrence (Bansal et al, 2009 ).
The 5-year survival rate for endometrial cancer is 96% if the cancer is diagnosed at a local stage, but it decreases to 17% if it is diagnosed at an advanced stage (Jemal et al, 2010) . Deep myometrial invasion, nodal involvement, and distant metastasis worsen the prognosis of endometrial cancer (Barrena Medel et al, 2011) . The identification of biomarkers that predict deep invasion and metastasis in endometrial cancer is thus needed. A recent study showed that the genomic features of endometrial cancer permit a reclassification of endometrial cancer patients for their prognosis (Cancer Genome Atlas Research Network, et al, 2013) .
Loss of cellular polarity is a hallmark of cancer (Hanahan and Weinberg, 2011) . Reduced cellular adhesion leads to tissue architecture disruption and invasion into surrounding tissues (Hanahan and Weinberg, 2011) . Human epithelial tumours lose polarity during the progression of carcinogenesis, but it remains unclear whether polarity loss might causally contribute to cancer development and give metastatic potential. In Drosophila, mutations in three neoplastic tumour suppressor genes, scribble, discs large, and lethal giant larvae, disrupt epithelial tissue polarity, induce extensive overproliferation, and generate invasive and metastatic ability (Bilder, 2004) .
Here, we investigated whether the human homologue of the Drosophila tumour suppressor Discs-large (DLG1) is involved in endometrial carcinogenesis. Human DLG1 belongs to the membrane-associated guanylate kinase family and shares protein structural domains, including 3 PDZ domains, an SH3 domain, and a guanylate kinase-like domain, with its Drosophila homologue (Ivanova et al, 2011) . We analysed whether loss of the cellular polarity protein DLG1 is involved in tumour invasion, nodal metastasis, and prognosis for patients with endometrial cancer. We also investigated whether DLG1 has a critical role in migration and invasion using endometrial cancer-derived cell lines.
MATERIALS AND METHODS
Patients and tumour samples. We analysed DLG1 expression in 160 cases of endometrial cancer who underwent surgery at the university hospital from January 2003 to December 2012 using immunohistochemical staining and compared DLG1 expression with clinical data. All patients provided informed consent to participate in this study. Haematoxylin and eosin (H&E)-stained slides of these cases were reviewed. We analysed DLG1 expression in 29 endometrial cancer tissues obtained from patients who underwent surgery at the university hospital from September 2011 and in 8 cell lines derived from these tissues by quantitative realtime PCR (RT-PCR). The clinical and pathological characteristics of the cases were obtained from their clinical charts.
Total RNA isolation and cDNA synthesis. Total RNA was extracted using an RNeasy Mini Kit (QIAGEN, Hamburg, Germany) according to the manufacturer's instructions. Complementary DNA (cDNA) was obtained using a SuperScript VILO cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocols after total RNA was extracted.
Quantitative RT-PCR of DLG1. The targeted region of DLG1 cDNA was amplified by RT-PCR using cDNA obtained from endometrial cancer and normal endometrial tissues. The PCR conditions were 95 1C for 10 s and 60 1C for 30 s for 45 cycles. The PCR was performed on a LightCycler 480 (Roche Applied Science, Tokyo, Japan) using the following primer sequences: forward primer: 5 0 -CCTTCTACAAGAACAAGGACCAG-3 0 ; reverse primer: 5 0 -GCTGGCATTAGAAGTTACATGCT-3 0 . A PCR universal probe was used (no. 15, GAGCAGGA, catalogue number 04685148001; Roche Applied Science). The PCR reaction amplified a 74-bp product of human Discs-large (hDlg) cDNA (5 0 -CCCC TTCTACAAGAACAAGGACCAGAGTGAGCAGGAAACAAGT GATGCTGACCAGCATGTAACTTCTAATGCC-3 0 ). The targeted region was in exon 19. In addition, the search also included an intron spanning assay. The length of introns spanned by the PCR was 7325 bp. b-Actin expression was selected as the internal control. The Universal Probe Library Human ACTB Gene Assay was used to detect b-actin expression (catalogue number 05046165001).
Immunohistochemistry (IHC). Paraffin sections, 4 mm thick, from representative tumour blocks were screened for DLG1 protein expression using Envision FLEX (DAKO, Glostrup, Denmark). After deparaffinisation and warm bath processing, the sections were activated with citric acid buffer and endogenous peroxidase activity was removed by 3% H 2 O 2 . After blocking, the sections were incubated for 30 min with a primary mouse monoclonal anti-DLG1 antibody (2D11, sc-9961, dilution: 1 : 40; Santa Cruz, Dallas, TX, USA), primary monoclonal mouse anti-Ecadherin antibody (36B5, NCL-E-Cad, dilution: 1 : 50; Novocastra, Newcastle, UK), primary monoclonal mouse anti-p53 antibody (DO-7, M7001, dilution: 1 : 50; DAKO), primary monoclonal mouse anti-oestrogen receptor antibody (1D5, M7047, dilution: 1 : 50; DAKO), or primary monoclonal mouse anti-progesterone receptor antibody (PgR636, M3569, dilution: 1 : 800; DAKO). The sections were then incubated with a secondary antibody (antirabbit, anti-mouse: DAKO) for 30 min. Antibody binding was visualised using a 3,3 0 -diaminobenzidine solution (DAKO) for 10 min. Finally, the tissues were counterstained by standard H&E staining and mounted using a conventional mounting medium. All steps of IHC were performed at room temperature. An additional section was used as a case-specific negative control without incubation with the primary antibody. As a positive control, normal endometrial tissue was investigated. Evaluation of DLG1 IHC was performed semiquantitatively by light microscopy. The intensity of DLG1 staining was categorised as negative (score 0), weak (score 1), or strong (score 2). Weak cytoplasmic DLG1 expression was categorised as negative (score 0). Weak membranebound DLG1 expression was categorised as weak (score 1). Intense membrane-bound DLG1 expression was categorised as strong (score 2).
Statistical analysis. JMP 10 (SAS Institute, Tokyo, Japan) was used for statistical analysis. To analyse correlations between categorised variables, multi-field tables were calculated and interpreted using Pearson's w 2 test of independence. Risk ratios were estimated for clinical and pathological factors. Survival curves were estimated with Kaplan-Meier methods, and the respective curves were tested for significant differences by a log-rank test. Hazard ratios were estimated by Cox proportional hazards model. The level of statistical significance was set at Po0.05.
Cell culture. Seven endometrial cancer cell lines (KLE, Hec50B, Hec1B, HHUA, Hec108, and Hec151) and immortal human keratinocyte HaCaT cells were cultured in DMEM (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (Gibco). All cells were maintained at 37 1C in 5% CO 2 . Stable DLG1 knockdown cells were established in the KLE, Hec1B, and Hec59 cell lines.
Western blotting. Protein extracts were made in an NP-40 lysis buffer containing 100 mM Tris (pH 8.0), 100 mM NaCl, and 1% NP-40. Protein concentration was determined using a standard Bradford assay. Equal amounts of proteins were fractionated by SDS-PAGE and electrophoretically transferred onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). An anti-DLG1 antibody (2D11, sc-9961; Santa Cruz) was used in a dilution of 1 : 100 to detect the expression of DLG1. For an internal control, the housekeeping enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was selected. An anti-GAPDH antibody (ABS16; Millipore, Temecula, CA, USA) was used in a dilution of 1 : 50 000. An ECL anti-rabbit horseradish peroxidase-conjugated secondary antibody (GE Healthcare, Little Chalfont, UK) was used in a dilution of 1 : 10 000. The ECL Prime Western Blotting Detection Reagent (GE Healthcare) was used to detect hDlg and GAPDH expression.
Knockdown of hDlg with siRNA. We transfected nontargeting control small interfering RNA (siRNA) duplexes (sc-37007; Santa Cruz) and a specific duplex siRNA against hDlg (sc-36452; Santa Cruz) into Hec108 cells using Lipofectamine RNAi MAX Reagent (Invitrogen) according to the manufacturer's instructions.
Establishment of stable DLG1 knockdown endometrial cancer cell lines. We transfected 2 mg small hairpin RNA (shRNA) plasmid DNA (SAP 97 shRNA Plasmid (h), sc-36452-SH; Santa Cruz Biotechnology, Santa Cruz, CA, USA) into three endometrial cancer cell lines (KLE, Hec1B, and Hec59) cultured in 6 cm dishes using shRNA Plasmid Transfection Reagent (sc-108061; Santa Cruz Biotechnology) and shRNA Plasmid Transfection Medium (sc-108062; Santa Cruz Biotechnology). After 24 h, the cells were incubated for B2 weeks in medium containing puromycin (2.5 mg ml À 1 ). We also established stable control shRNA expression clones in these cell lines. The drug-resistant clones were further incubated in the medium with puromycin and tested for the knockdown effect by western blotting using the anti-DLG1 antibody.
Wound healing assay. The migration of cells was evaluated using a wound healing assay. Linear wounds were created by scraping confluent cell monolayers with a pipette tip. The migration of cells into the wound area was documented and evaluated after 12 and 24 h. We quantitated the wound healing assays in at least four independent experiments. The mean and s.d. (error bar) of at least four independent experiments are shown. The wound healing assays were performed in Hec108 cells into which the siRNA against dlg1 was transfected. They were also performed in the stable DLG1 knockdown KLE, Hec1B, and Hec59 cells.
Matrigel chamber assay for migration and invasion. Quantitative cell migration and invasion assays were performed using a 24-well Matrigel Invasion Chamber (BD Biosciences, San Jose, CA, USA) containing a cell culture insert consisting of a PET membrane with a pore size of 8 mm and coated with a thin layer of Matrigel basal membrane matrix. We measured the number of cells after trypsinisation and diluted them to have an equal amount of cells in each assay. After incubation at 37 1C for 24 h, the filters were collected and the cells that had adhered to the lower surface were fixed, stained with a Diff-Quik Stain Kit (Sysmex, Kobe, Japan), and counted. We quantitated the invasion rate in at least four independent experiments. The mean and s.d. (error bar) of at least four independent experiments are shown. The invasion assays were performed in Hec108 cells into which the siRNA against dlg1 was transfected. They were also performed in the stable DLG1 knockdown KLE, Hec1B, and Hec59 cells.
Cell cycle assay by flow cytometry. The cell cycle distribution of KLE cells and two stable human DLG1 knockdown KLE clones was analysed by flow cytometry. The cell cycle distribution was also analysed in Hec1B cells and two stable human DLG1 knockdown Hec1B clones. The cells were washed with phosphate-buffered saline (PBS) and fixed with 70% ethanol overnight at 4 1C. The cells were stained with a BrdU Flow Kit (BD Biosciences), and cell cycle distribution was analysed by flow cytometry (FACSCanto II; BD Biosciences).
Soft agar colony formation assay. The endometrial cancer KLE cells and two stable DLG1 knockdown cells (clones 1 and 5) were incubated at 37 1C and 5% CO 2 in semisolid agar medium using a CytoSelect Cell Transformation Assay (Cell Biolabs, San Diego, CA, USA). The cells were incubated for 8 days before being solubilised, lysed, and detected with CyQUANT GR Dye in a fluorescence plate reader using a 485/520 nm filter set. The transformed cell number was quantitated using relative fluorescence units (RFUs). The mean and s.d. (error bar) of the anchorage-independent growth ability of at least three independent experiments are shown. The anchorage-independent growth was also analysed in Hec1B cells and two stable DLG1 knockdown clones.
RESULTS
The IHC analysis showed that DLG1 was localised at the basolateral membrane in normal endometrial tissues in the proliferative and secretory phases ( Figure 1A and B ). Human DLG1 expression was more abundant in the lower part of the basolateral membrane in endometrial tissues in the secretory phase ( Figure 1B ). Next, we analysed DLG1 expression and localisation in 160 cases of endometrial cancer. Strong membrane-bound expression of DLG1 (DLG1 score 2) was observed in 37 cases (23.1%) ( Figure 1C ). Weak membrane-bound hDlg expression (DLG1 score 1) was observed in 46 cases (28.8%) ( Figure 1D ). Weak cytoplasmic hDlg expression (DLG1 score 0) was observed in 77 cases (48.1%) ( Figure 1E ).
We evaluated whether loss of DLG1 has a link with the prognosis of patients with endometrial cancer. Patients with loss of DLG1 expression (DLG1 score 0) showed poorer overall survival than those with strong or weak membrane-bound expression of DLG1 (DLG1 score 2 or 1) (P ¼ 0.0018, log-rank test) ( Figure 2) . Patients with loss of DLG1 expression also showed poorer progression-free survival than those with DLG1 expression (DLG1 score 2 or 1), but the difference did not reach statistical significance (P ¼ 0.0752).
The ratio of patients with advanced clinical stage (stages 3 and 4) to those with early clinical stage was 24.3%, 19.6%, and 14.3% in patients with DLG1 scores 0, 1, and 2, respectively. The proportion of patients with advanced clinical stage to those with early clinical stage increased with loss of DLG1 expression (Table 1 , not significant). Lymph node involvement was observed in 42.3%, 17.9%, and 15.8% of patients with DLG1 scores 0, 1, and 2, respectively ( Table 1) . The nodal metastasis rate increased with loss of hDlg expression (P ¼ 0.0138). The DLG1 score was not correlated with distant metastasis, lymph and vascular vessel involvement, or age at onset (Table 1) . Deep myometrial invasion (over 50% of the myometrium) was observed in 51.4%, 43.5%, and 28.6% of patients with DLG1 scores 0, 1, and 2, respectively ( Table 1) . Loss of DLG1 showed a significant correlation with deep myometrial invasion (P ¼ 0.0134). The rate of high-grade histology was 43.2%, 19.6%, and 9.1% in patients with DLG1 scores 0, 1, and 2, respectively ( Table 1) . The proportion of patients with highgrade histology showed an inverse correlation with the hDlg score (Po0.0001). Loss of DLG1 expression showed a significant correlation with negative oestrogen and progesterone receptor expression (Table 1 , Po0.0001). Mutation of p53 has been shown to be a biomarker for type 2 endometrial cancer (Inoue et al, 1994) . We investigated the relationship between loss of DLG1 and p53 mutation; however, there was no significant relationship between them (Table 1 ). Next, we analysed E-cadherin (CDH1) expression and compared it with loss of DLG1; however, there was no relationship between the loss of CDH1 expression and loss of DLG1 (Table 1) . These results support the possibility that loss of DLG1 is a novel molecular marker of type 2 signatures in endometrial cancer.
Next, we evaluated DLG1 expression by quantitative RT-PCR in endometrial cancer tissues. b-Actin expression was evaluated as an internal control. The quantitative expression intensity of DLG1 against b-actin showed a positive correlation with the IHC DLG1 score (Figure 3 ). Overall survival of patients with endometrial cancer according to DLG1 expression score. Patients with loss of DLG1 expression (DLG1 score 0) showed poorer overall survival than those with strong or weak membrane-bound expression of DLG1 (DLG1 score 2 or 1) (P ¼ 0.0018, log-rank test). We established stable human DLG1 knockdown clones for three endometrial cancer cell lines KLE, Hec1B, and Hec59 (KLE clones 1 and 5, Figure 4A ). We analysed whether DLG1 was involved in tumour migration by using wound healing and invasion assays in these cells. Representative data of the wound healing assay are shown in Figure 4B .
The stable human DLG1 knockdown KLE cells (clone 1) showed increased migration compared with the control shRNAtransfected KLE cells ( Figure 4C ). Transfection of siRNA against hDlg increased migration in Hec108 cells ( Figure 4C) . In contrast, the stable human DLG1 knockdown Hec1B, Hec59 clone, and KLE clone 5 did not show increased migration.
Furthermore, we carried out migration and invasion assays using the Boyden chamber system. Knockdown of hDlg expression by siRNA significantly enhanced the migration and invasion ability of Hec108 cells ( Figure 4D, P ¼ 0.0034) . The stable human DLG1 knockdown KLE clones showed increased invasion ability compared with the control shRNA-transfected KLE cells ( Figure 4D ).
We investigated whether loss of DLG1 is involved in anchorageindependent growth. Higher colony-forming ability in soft agar medium was observed in the stable DLG1 knockdown KLE clone 1 cells than in the control shRNA-transfected KLE cells (P ¼ 0.046, Figure 5A ). In contrast, the stable DLG1 knockdown Hec clone 7 cells showed lower colony-forming ability compared with the control shRNA-transfected Hec1B cells (P ¼ 0.0174, Figure 5A ).
Next, we analysed whether human DLG1 has a role in cell cycle regulation. We analysed cell cycle distribution in the control shRNA-transfected cells and human DLG1 knockdown clones. In the DLG1 knockdown KLE clones, a slight increase of cells in the S phase was observed, but this trend was not observed in the Hec1B knockdown clones ( Figure 5C , statistically not significant).
DISCUSSION
The relationship between the loss of epithelial polarity and malignant tumour development has long been known, but whether it is merely a coincidence or whether loss of tissue architecture might contribute to tumourigenesis remains a compelling question (Bilder, 2004) . Drosophila tumour suppressors are divided into two groups: 'hyperplastic' and 'neoplastic' tumour suppressors. In a hyperplastic tumour, imaginal discs contain increased numbers of cells, but the cells remain arranged in an epithelial monolayer, despite extensive overproliferation (Bilder, 2004) . Hyperplastic tumours are caused by inactivating mutations in genes involved in cell growth regulation and organ size control (Bilder, 2004) . Neoplastic tumours, in which the tumour suppressor genes lgl, dlg, or scrib are mutated, show disruption of the organised epithelial monolayer. Neoplastic tumour cells are rounded rather than cuboidal and pile up atop one another as they overproliferate. The imaginal discs of neoplastic tumour suppressor gene mutant larvae are a spherical mass and much larger than their wild-type counterpart (Bilder, 2004) . Several lines of evidence support the possibility that DLG1 is involved in mammalian tumourigenesis (Humbert et al, 2008) . Human papillomavirus (HPV) is a causal factor of cervical cancer (zur Hausen, 2002) . Ubiquitin-mediated degradation of the tumour suppressor proteins p53 and pRb has been shown to be a central mechanism underlying cervical carcinogenesis (Howley, 2006) . High-risk, but not low-risk, HPV E6 oncoprotein binds to DLG1 and induces its ubiquitin-mediated degradation (Kiyono et al, 1997; Gardiol et al, 1999; Matsumoto et al, 2006) . Loss of the membrane-bound expression of DLG1 has been reported during cervical cancer development from normal cervical epithelial tissue to a premalignant lesion (Watson et al, 2002) . Loss of DLG1 expression was reported during colon cancer development (Gardiol et al, 2006) ; it was observed especially in colon cancer with undifferentiated histology (Gardiol et al, 2006) . Somatic missense mutations were found in PDZ domain 2 of hDlg in mammary ductal carcinoma (Fuja et al, 2004) . Human DLG1 binds directly to adenomatous polyposis coli (APC), which is an important Wnt pathway component, through PDZ domain 2. Somatic mutation in this region might affect the Wnt pathway by interfering with its interaction with APC during breast cancer development. It is possible that loss of DLG1 found in endometrial cancer might be because of somatic mutation. Sequencing analysis of DLG1 in endometrial cancer tissues is undergoing in our laboratory. A recent study showed a high frequency of b-catenin mutation in endometrial cancer (Cancer Genome Atlas Research Network, et al, 2013) . There is a possibility that loss of b-catenin, which is an important Wnt pathway component, might affect the stability of DLG1 expression.
Here, we provide novel evidence that support a role for DLG1 in mammalian tumour development. Our study showed that loss of DLG1 is linked with deep myometrial invasion, nodal metastasis, and poor prognosis in endometrial cancer. Loss of DLG1 also demonstrated a negative relationship with the presence of oestrogen and progesterone receptors. Our data suggested that endometrial cancer with loss of DLG1 might share type 2 characteristics. CDH1 (E-cadherin) resides at the adherens junction and is a critical molecule that is involved in tissue polarity. Loss of CDH1 expression is reportedly associated with the type 2 characteristics of endometrial cancer (Carico et al, 2010) . Our study showed that loss of DLG1 is an independent phenomenon to the loss of CDH1. The overexpression of p53 due to mutation is a biomarker for poor prognosis and type 2 characteristics of endometrial cancer (Inoue et al, 1994; Ito et al, 1994) . We analysed the relationship between loss of DLG1 and p53 overexpression in our cases. However, there was no relationship between these molecular markers (Table 1 ), suggesting that loss of DLG1 is a novel molecular marker for the invasiveness and metastatic behaviour of endometrial cancer. Our in vitro data support the possibility that loss of DLG1 is involved in accelerated migration and invasion of endometrial cancer. Higher lymph nodal metastasis and deep myometrial invasion found in patients with loss of DLG1 might support this possibility.
Previously, we identified the human homologue of Drosophila Scribble, human SCRIB, as a target for ubiquitin-mediated degradation depending on HPV E6 oncoprotein and E3 protein-ubiquitin ligase, E6AP (Nakagawa and Huibregtse, 2000) . Progressive loss of the expression of DLG1 and human SCRIB is observed in human tumours and their precursor lesions (Watson et al, 2002; Nakagawa et al, 2004) . Transgenic mice homozygous for mutations of Dlg or Scrib exhibit craniofacial dysmorphogenesis or neural tube defects (Murdoch et al, 2003) . These data support the possibility that DLG1 and human SCRIB share a role in the control of tissue architecture and the suppression of tumourigenesis. The decreased expression and changed localisation of human SCRIB have been shown to be associated with advanced clinical stage, histological differentiation, and nodal metastasis in endometrial cancer (Ouyang et al, 2010) . Our previous study showed that loss of Hugl-1 expression was associated with nodal metastasis and poor prognosis (Tsuruga et al, 2007) . These studies suggest the possibility that the human homologues of Drosophila neoplastic tumour suppressors share a role in the suppression of development and progression of endometrial cancer. These data shed light on the possibility that three human homologues of Drosophila neoplastic tumour suppressors are involved in the establishment of tissue architecture in concert, similar to their Drosophila homologues. It will be of interest to investigate whether loss of these tumour suppressors overlaps or is mutually exclusive. Analysis of human SCRIB and Hugl-1 in these patients with endometrial cancer is undergoing in our laboratory.
In conclusion, our study revealed that loss of DLG1 is a novel molecular marker for poor prognosis in endometrial cancer.
